S U M M A R Y Cat jaw-closing muscles are a distinct muscle allotype characterized by the expression of masticatory-specific myofibrillar proteins. Transplantation studies showed that expression of masticatory myosin heavy chain (m-MyHC) is promoted by fast motor nerves, but suppressed by slow motor nerves. We investigated whether masticatory myosin-binding protein-C (m-MBP-C) and masticatory tropomyosin (m-Tm) are similarly regulated. Temporalis muscle strips were transplanted into limb muscle beds to allow innervation by fast or slow muscle nerve during regeneration. Regenerated muscles were examined postoperatively up to 168 days by peroxidase IHC using monoclonal antibodies to m-MyHC, m-MBP-C, and m-Tm. Regenerates in both muscle beds expressed fetal and slow MyHCs, m-MyHC, m-MBP-C, and m-Tm during the first 4 weeks. Longer-term regenerates innervated by fast nerve suppressed fetal and slow MyHCs, retaining m-MyHC, m-MBP-C, and m-Tm, whereas fibers innervated by slow nerve suppressed fetal MyHCs and the three masticatory-specific proteins, induced slow MyHC, and showed immunohistochemical characteristics of jaw-slow fibers. We concluded that expression of m-MBP-C and m-Tm is coregulated by m-MyHC and that neural impulses to limb slow muscle are capable of suppressing masticatory-specific proteins and to channel gene expression along the jaw-slow phenotype unique to jaw-closing muscle. (J Histochem Cytochem 58:989-1004 
isoforms of Tm (m-Tm) (Rowlerson et al. 1983 ) and myosin-binding protein-C (m-MBP-C), which are found in thin and thick filaments, respectively, whereas jawslow fibers express different isoforms of these proteins (Kang et al. 2010) . Masticatory fibers are associated with a unique set of physiological properties: high Ca sensitivity (Kato et al. 1985) , high force per unit crosssectional area (Saeki et al. 1987; Toniolo et al. 2008) , high tension cost (Saeki et al. 1987) , moderate crossbridge cycling rate (Hoh et al. 2007) , and moderate speed of shortening (Toniolo et al. 2008) . These characteristics ensure rapid development of high isometric force important for a carnivorous lifestyle.
Both limb and jaw muscle fibers show physiological plasticity. Myosin composition, speed of contraction, fatigue characteristics, and other properties of fast and slow limb muscle fibers are controlled by the nerves to these muscles. When the nerves to fast and slow limb muscles are surgically crossed, the characteristics of the reinnervated muscles are reversed (Hoh 1975; Hoh et al. 1980; Pette and Vrbova 1985) . When cat masticatory muscle is transplanted into a fast limb muscle bed to allow the regenerating muscle to be innervated by its nerve, the regenerated muscle expressed m-MyHC but not limb MyHCs (Hoh and Hughes 1988) . However, when a masticatory muscle regenerate is innervated by the slow motor nerve, m-MyHC is initially expressed, but in the long term is replaced by slow MyHC (Hoh and Hughes 1988) .
The fact that regenerating cat jaw muscle innervated by a limb muscle nerve re-expresses m-MyHC suggests that jaw muscle cells are intrinsically different from limb muscles. This capacity of regenerating cat jaw muscle to express m-MyHC is independent of innervation (Hoh and Hughes 1991b) and the basal lamina of jaw muscle (Hoh and Hughes 1991a) . Myotubes derived from satellite cells of cat masticatory fibers express not only m-MyHC but also m-Tm and m-MBP-C (Kang et al. 2010 ) in contrast to limb muscle satellite cells, which express limb fast and slow MyHCs in culture (LaFramboise et al. 2003) but not masticatory myofibrillar proteins (Kang et al. 2010) . These studies suggest that masticatory muscles belong to a distinct muscle allotype whose satellite cells are preprogrammed to express masticatory myofibrillar proteins during myogenesis.
As the earlier study (Hoh and Hughes 1988) on neural regulation of regenerating cat masticatory muscle used only m-MyHC as the marker for the masticatory phenotype, we investigate here whether the other known masticatoryspecific proteins, m-MBP-C and m-Tm, are similarly regulated. We use IHC to study the expression of m-MyHC, m-MBP-C, and m-Tm in cat temporalis muscle regenerating under the influence of fast and slow limb muscle nerves. We show that fast muscle nerve promotes the coexpression of these masticatory myofibrillar proteins, whereas the nerve to slow muscle represses them, channeling gene expression along the jaw-slow phenotype.
Materials and Methods

Muscle Transplantation
Transplantation experiments were carried out on 16 kittens (body weight around 1 kg; ?6 weeks old) as described previously Hughes 1988,1991b) . Briefly, in half of the kittens, the fast extensor digitorum longus (EDL) muscle was completely removed from its bed and a strip of temporalis muscle (170-270 mg) was transplanted in its place, overlying the stump of the host muscle nerve. As a control, EDL muscle in the contralateral leg of the same kitten was removed and reimplanted into its own bed. In the other kittens, a temporalis transplant was similarly made into the soleus muscle bed. Regenerated muscles were harvested for study at 9, 14, 28, 56, 63, 91, 112 , and 168 days after operation.
The experiments were done with the approval of the Animal Ethics Review Committees of the University of Sydney and comply with the current laws governing animal experimentation in Australia.
Immunohistochemistry
Regenerated muscles were frozen in isopentane cooled in liquid nitrogen, cut in a cryostat, and analyzed by peroxidase IHC as described previously (Hoh et al. 1988a ). Primary antibodies used were a polyclonal antibody (STE) raised in sheep against fetal (embryonic and neonatal) MyHCs (Hoh et al. 1988b ) and the following monoclonal antibodies (MAbs): anti-m-MyHC 2F4 (Kang et al. 1994 ) (from Developmental Studies Hybridoma Bank, University of Iowa, Iowa), anti-m-Tm 1H2 and anti-m-BMP-C 3F10 (Kang et al. 2010) , anti-slow MyHC NOQ-7-5-4D and anti-fast MyHC NOQ-7-5-2B (Hoh et al. 1988b ), anti-tropomyosin CH1 (Lin et al. 1985) , and MAb 1A10, which is specific for jaw-slow myosin (Hoh et al. 1991) . Horseradish peroxidase (HRP)-labeled rabbit anti-mouse or anti-sheep immunoglobulin antibody (Dako; Glostrup, Denmark) was used as the secondary antibody.
SDS-PAGE and Western Blotting
Crude myosin was extracted from cryostat sections of temporalis and EDL regenerates in 30 ml of extraction buffer (0.1 M sodium pyrophosphate, 5 mM EGTA, and 5 mM dithiothreitol), centrifuged, then diluted in sample buffer (0.625 M Tris, 10% glycerol, 2% SDS, 5% b-mercaptoethanol, 0.0013% (w/v) bromophenol blue), and boiled for 4 min. SDS-PAGE and Western blots were carried out in 8% gels as described before (Lucas and Hoh 1997) . Primary antibodies used for Western blotting were MAb 3F10 against m-MBP-C and MAb 2F4 against m-MyHC, but MAb 1H2 against m-Tm was not used because it did not react with denatured antigen in Western blots. The secondary antibody used was HRP-conjugated rabbit anti-mouse immunoglobulin antibody.
Results
IHC of Temporalis and EDL Regenerates Innervated by the EDL Nerve
Immunohistochemical analysis of semiserial sections of temporalis transplants into the EDL bed at 9 days shows that the core of the tissue is dominated by necrotic masticatory fibers that stain with masticatory-specific MAbs but not with anti-fetal or anti-slow MyHC antibodies (Figure 1 ). Although myotubes expressing fetal MyHCs are seen scattered throughout the section, regeneration is at a more advanced stage at the periphery, as indicated by the replacement of necrotic tissue with bundles of myotubes that express fetal MyHCs. At higher power, most of these myotubes are seen to also express masticatory-specific proteins; some express slow MyHC and others express slow and masticatoryspecific proteins (data not shown). The 14-day regenerate shows widespread staining for fetal MyHCs, but there is now a marked increase in the proportion of fibers staining for slow MyHC and masticatory-specific proteins, especially at the periphery of the regenerate (data not shown).
By 28 days postoperatively (Figure 2 ), cellular debris from the original transplant have been almost completely replaced by mature-looking fibers and smaller myotubes. All fibers, large and small, stain moderately for fetal MyHCs ( Figure 2D) , and many fibers, especially the larger ones, now stain strongly for m-MyHC (Figure 2A) , m-MBP-C ( Figure 2C) , and m-Tm ( Figure 2E) ; the more mature of these fibers (example arrowed) have lost staining for slow MyHC ( Figure 2B ). Expression of slow MyHC is now mostly confined to small myotubes and medium-sized fibers.
In the 56-day-old regenerate, fibers are relatively uniform in size and the vast majority of them stain for m-MyHC, m-Tm, and m-MBP-C (data not shown). A small subpopulation of fibers staining for m-MyHC At 63 days after operation (Figure 3 ), the vast majority of fibers are large and strongly express masticatoryspecific myofibrillar proteins ( Figures 3A, 3C , and 3E). Fetal MyHCs are no longer expressed ( Figure 3D ), whereas slow MyHC is expressed in a group of small fibers at the periphery of the regenerate ( Figure 3B ). By 112 days (Figure 4 ), all fibers uniformly express jaw-specific myofibrillar proteins (Figures 4A, 4C, and 4E) and no fibers react with anti-fetal MyHC antibody ( Figure 4D ), but a few scattered fibers still stained weakly for slow MyHC ( Figure 4B ). At no stage during the regeneration of the temporalis muscle reinnervated by the EDL nerve does any muscle fiber stain significantly for fast MyHC (data not shown).
EDL muscles regenerating in their own beds follow a time course of cellular changes similar to that described for temporalis regenerates. In the early EDL regenerates, fetal, slow, and fast MyHCs are expressed, whereas masticatory-specific proteins are not expressed (data not shown). At 56 days, most fibers stain for both slow and fast MyHCs and staining for fetal MyHCs persists. By 112 days after operation, virtually all fibers stain for fast MyHC, but some fibers still express slow MyHC as well. At no stage do the EDL regenerates in their own beds express masticatory-specific proteins.
Myofibrillar protein extracts from 112-day temporalis and EDL regenerates innervated by the EDL nerve are analyzed by SDS-PAGE and Western blotting using MAbs against m-MyHC ( Figure 5 ) and m-MBP-C (Figure 6 ). The results show that only the temporalis regenerate expresses m-MyHC and m-MBP-C, confirming the above immunohistochemical results.
IHC of Regenerated Temporalis Muscle Innervated by the Soleus Nerve
During the first month after surgery, temporalis regenerates in the soleus bed are rather similar to those in the EDL bed in the pattern of myofibrillar protein gene expression. Figure 7 shows a high-power view at the periphery of a 9-day regenerate where necrotic tissue has largely been cleared. Bundles of small myotubes are seen to react with anti-slow and anti-fetal antibodies ( Figures 7B and 7D , respectively), but not with any of the masticatory-specific MAbs ( Figures 7A, 7C , and 7E). However, an island of necrotic tissue (Figure 7 , arrowed), which is negative for fetal and slow MyHCs, stains with masticatory-specific MAbs. At 14 days, myotubes are uniformly stained with anti-fetal and anti-slow antibodies and some myotubes also weakly express masticatory-specific myofibrillar proteins (data not shown).
Figure 8 presents a 28-day temporalis regenerate in the soleus bed. Relative to 14-day regenerates, there is a significant increase in fiber size, intensity of staining, and proportion of fibers staining for m-MyHC, m-MBP-C, and m-Tm ( Figures 8A, 8C , and 8E, respectively). A subpopulation of these masticatory protein expressing fibers with larger diameters (arrowed) has lost staining for slow MyHC ( Figure 8B ) and some of these fibers have even lost staining for fetal MyHCs ( Figure 8D ) and resemble mature masticatory fibers. Most fibers still stain moderately for fetal MyHC, whereas staining for slow MyHC is now weak and mostly confined to small myotubes and medium-sized fibers. These features are very similar to those of regenerates in the EDL bed at the same stage (Figure 2) .
At 63 days (Figure 9 ), a dramatic change in antibody staining pattern is seen with respect to both the corresponding regenerate in the EDL bed and the 28-day regenerate in the soleus bed. In contrast to the drastic loss of slow MyHC staining in the EDL bed ( Figure 3B ), the larger fibers in the soleus bed now acquired strong staining for slow MyHC ( Figure 9B ), whereas the less mature smaller fibers are weakly stained. This correlation of large fiber size with staining intensity for slow MyHC is the reverse of that seen in the 28-day regenerate in the soleus bed, suggesting that these large fibers have changed from slow MyHC inhibition to slow MyHC induction. Staining for m-MyHC ( Figure 9A ), particularly for m-MBP-C, m-Tm, and fetal MyHCs ( Figures 9C, 9E , and 9D, respectively), has become weak, and the largest fibers (examples arrowed), which stain strongly for slow MyHC, are not stained for these proteins. These large fibers have, therefore, completely transformed into slow fibers at this stage, whereas the smaller, less mature fibers still stain weakly for fetal MyHCs and masticatory-specific proteins.
At 91 days, staining for fetal MyHCs is no longer seen. The majority of fibers stain for slow MyHC, but many fibers still stain for masticatory-specific proteins. Figure 10 shows semiserial sections of a selected region with slow and masticatory fibers stained with the five antibodies used hitherto plus three additional MAbs to probe other phenotypic characteristics of the regenerated fibers. Many fibers in this region (mostly located in the left half of each photomicrograph) show costaining with m-MyHC, m-MBP-C, and m-Tm ( Figures 10A-10C , respectively), some of which are negative for slow MyHC ( Figure 10D ). Anti-slow MyHC MAb stains a group of fibers, as shown in the lower right corner of the photomicrograph (Figure 10D ), that do not stain for masticatory-specific proteins and thus have completely transformed into slow fibers (one example indicated by arrow). Most of the fibers that stain for slow MyHC elsewhere overlap in staining for masticatory-specific proteins, indicating that they are incompletely transformed into slow fibers. The completely transformed slow fibers are better demarcated by MAbs 1A10 ( Figure 10E ) and CH1 ( Figure 10G ). The pattern of staining for these MAbs is complementary to that for masticatory-specific myofibrillar proteins, whereas fibers coexpressing slow MyHC and masticatory-specific myofibrillar proteins are not stained. MAb 1A10 is known to react with fetal and fast MyHCs, but is specific for jaw-slow and not for limb-slow fibers (Hoh et al. 1991) . The slow fibers stained by MAb 1A10 are stained neither by anti-fast MyHC MAb ( Figure 10F ) nor by anti-fetal MyHC antibody (Figure 10H) , indicating that MAb 1A10 is responding to jaw-slow myosin (see details in Discussion). MAb CH1 is specific for a-Tm and b-Tm in limb muscle fibers Hoh et al. 1989) . Staining of completely transformed slow fibers suggests that their m-Tm has been replaced by these isoforms.
In the 168-day regenerate, fibers costaining for m-MyHC, m-Tm, and m-MBP-C ( Figures 11A-11C respectively) are still present, but are confined to a small subpopulation that varied widely in fiber size. As with the 63-day regenerate, staining for m-MyHC is more intense and more extensive than for m-Tm and m-MBP-C. Most fibers stain only with anti-slow MyHC MAb ( Figure 11D ).
Discussion
Expression of Myofibrillar Proteins in Early Temporalis
Muscle Regenerates: Influence of Muscle Allotype Immunohistochemical analyses of the regenerates of temporalis transplants during the first 4 weeks revealed that the pattern of myofibrillar protein gene expression was similar in the EDL and soleus muscle beds. In both beds, regenerating fibers strongly expressed fetal MyHCs and coexpressed slow MyHC and/or masticatory-specific proteins. These changes were observed in 9-day regenerates in the EDL bed, but in the soleus bed, expression of masticatory proteins did not appear until day 14. By day 28, the immunohistochemical profile of the regenerates in the two muscle beds became very similar. Regenerative myogenesis apparently occurred at a somewhat slower rate in the soleus bed, but because the observations were based on single animals at each time point, the early difference in myogenic progression between the beds is of uncertain statistical significance. However, local factors may have contributed to this difference. The regenerate in the soleus bed was more susceptible to disturbance by movement due to the overlying gastrocnemius muscle, whereas that in the EDL bed was comfortably accommodated within a muscle compartment. This difference might have adversely affected the early stages of revascularization of the regenerate in the soleus bed.
The present work complements earlier works on jaw regenerates Hughes 1988,1991a,b) by showing that early jaw regenerates express not only fetal, slow, and masticatory MyHCs but also two other masticatory-specific myofibrillar proteins, m-MBP-C and m-Tm. This pattern of gene expression in vivo was identical to that of cultured myotubes derived from temporalis satellite cells (Kang et al. 2010) . In contrast, limb fast muscle reimplanted in its own beds coexpressed fetal, fast, and slow MyHCs during the first 4 weeks of regeneration, which is also the pattern of MyHC expression of myotubes in culture derived from satellite cells of fast or slow limb muscles (LaFramboise et al. 2003) . Limb muscle regenerates did not express masticatory-specific myofibrillar proteins. Differences in MyHC and MBP-C gene expression between masticatory and limb muscle regenerates were confirmed by SDS-PAGE and Western blotting. These results reflect the nature of the masticatory and limb muscle allotypes: the satellite cells of the former are preprogrammed to express masticatory myofibrillar proteins during myogenesis (Kang et al. 2010) , whereas those of the latter are preprogrammed to express limb-specific isoforms (LaFramboise et al. 2003) .
By 28 days, myotubes in both muscle beds began to show signs of maturity by increasing in diameter and in intensity of expression of masticatory-specific myofibrillar proteins, whereas expression of slow and fetal MyHCs decreased or disappeared. Similar features were reported in both denervated and innervated regenerates at 27 days (Hoh and Hughes 1991b) , showing that these signs of maturity emerged independent of innervation, suggesting that the changing pattern of myofibrillar gene expression is intrinsic to the myogenic program of masticatory muscle allotype. However, myotube maturity as indicated by fetal and slow MyHC suppression was not observed in vitro (Kang et al. 2010) , reflecting the more favorable conditions present in vivo, such as the presence of a blood supply and humoral factors. Important among humoral factors that could influence muscle maturity during regeneration are the thyroid hormones.
Thyroid hormones are essential for normal muscle development among vertebrates (Hulbert 2000) . There is a surge of thyroid hormone levels during the postnatal development of mammalian muscles that is correlated with the differentiation of muscle fiber types. Thyroid hormone accelerates the withdrawal of fetal MyHCs and their replacement by fast MyHCs in developing fast muscles (Adams et al. 1999) . It does so indirectly by binding to thyroid response elements to induce the expression of the myogenic factor MyoD, which directly regulates myofibrillar gene expression. MyoD dimerizes with ubiquitous E-proteins to bind with specific nucleotide sequences CANNTG called E-boxes found in the regulatory regions of many muscle-specific protein genes, including those for 2B (Wheeler et al. 1999 ), 2X, and 2A MyHCs (Allen et al. 2001 ) and fast myosin light chain 1/3 (Rao et al. 1996) . The postnatal surge in thyroid hormone is involved in the development of masticatory muscles in the rat (Maeda et al. 1981 ) and presumably in the developmental and regenerative myogenesis of masticatory muscle in other mammalian species. It seems likely that thyroid hormones played a large part in the maturation of temporalis regenerates and the withdrawal of fetal and slow MyHC expression in both muscle beds around 28 days.
In common with limb muscle, myogenic cells of the masticatory allotype use the MyoD family of regulatory proteins to induce myogenesis (Hacker and Guthrie 1998; Noden et al. 1999) . However, during early embryonic development, mesodermal cells giving rise to jaw and limb muscle precursor cells use different signaling cascades to lead them into the myogenic pathway (reviewed in Kang et al. 2010) . The role of thyroid hormones in jaw muscle development and the manner whereby differences in upstream signaling cascades for myoblast specification lead to different programs of myofibrillar protein gene expression during the subsequent myogenic progression are interesting questions for future research.
Jaw muscles of carnivorous lower vertebrates express m-MyHC, a phylogenetically ancient MyHC (Qin et al. 2002) . This phenotype is also found in eutherian and marsupial carnivores and in members of many other mammalian orders (Hoh 2002; Hoh et al. 2006; Reiser et al. 2010) , including some rodents (Reiser et al. 2009 ). In adapting to the diverse types of food they consume, some mammals have replaced m-MyHC with one or more MyHCs normally expressed in developing muscle, adult fast and slow limb muscle, or in the heart (a-cardiac MyHC) (Rowlerson et al. 1981; Hoh 2002; Hoh et al. 2006) . It is likely that in those species where m-MyHC has been replaced by another isoform, the myogenic cells from their jaw muscles would also be preprogrammed to express the MyHC and other myofibrillar proteins found in their jawclosing muscle fibers.
Limb muscles reimplanted in their own beds coexpressed fetal, fast, and slow MyHCs during the first 4 weeks of regeneration. This pattern of gene expression is similar to that of myotubes in culture derived from satellite cells of fast or slow limb muscles (LaFramboise et al. 2003) . They did not express masticatory-specific myofibrillar proteins. Differences in MyHC and MBP-C gene expression between masticatory and limb muscle regenerates were confirmed by SDS-PAGE and Western blotting and were consistent with their different muscle allotypes.
Expression of Myofibrillar Proteins in Late Temporalis
Muscle Regenerates: Influence of Innervation The gene expression pattern of temporalis muscle transplants innervated by fast and slow nerves diverged dramatically beyond 28 days. Regenerates innervated by the EDL nerve seamlessly continued the trend of increasing masticatory-specific protein expression and inhibition of fetal and slow MyHC expression initiated by the myogenic influence. By 63 days and beyond, fetal and slow MyHC expression was virtually completely suppressed and all regenerated fibers eventually ended up strongly coexpressing the three masticatory-specific myofibrillar proteins. These results complement earlier work on temporalis regenerates innervated by the nerve to fast muscle (Hoh and Hughes 1988) by showing that, in the long term, these regenerates not only expressed m-MyHC but also expressed the other two currently known masticatory-specific myofibrillar proteins, m-Tm and m-MBP-C. It is likely that other, currently uncharacterized masticatory fiber-specific proteins were also expressed in these regenerates.
In contrast, temporalis regenerates innervated by the slow muscle nerve followed a very different course. After strongly expressing masticatory myofibrillar proteins and suppressing fetal and slow MyHCs at 28 days due to the myogenic influence, these regenerating fibers dramatically reversed these changes by switching on slow MyHC expression and suppressing masticatoryspecific myofibrillar proteins while continuing to mature by inhibiting fetal MyHCs. At 63 days, the largest fibers had completely transformed into jaw-slow fibers, whereas smaller fibers still express masticatoryspecific proteins and fetal MyHCs. This mixture of transformed and partially transformed fibers generated the complex pattern of staining seen in Figure 9 . The suppression of slow MyHC around 28 days was missed in the earlier study (Hoh and Hughes 1988) due to a gap in the data. In the long term, both the present and the earlier study showed that the vast majority of fibers innervated by the slow motor nerve expressed slow MyHC, whereas only a small population of small fibers continued to express m-MyHC. We have shown here that all three masticatory myofibrillar proteins were repressed in temporalis regenerates innervated by the slow muscle nerve, with m-Tm and m-MBP-C apparently being more easily repressed than m-MyHC, suggesting that signaling pathways for their inhibition may not be identical.
The present work also complements the earlier work by showing that the regenerated jaw-slow fibers can be distinguished from limb slow fibers immunohistochemically by their reaction with MAbs 1A10 and CH1. MAb 1A10 does not bind limb slow MyHC, but binds jawslow fibers and limb fast and fetal MyHCs (Hoh et al. 1991) . Because the cDNA of slow MyHC expressed in cat jaw-slow fibers appears to be the same as that in limb slow muscle (Hoh et al. 2007 ), the unique affinity of jaw-slow fibers for MAb 1A10 has been attributed to the jaw-slow myosin, in which slow MyHCs are associated with masticatory light chains (Hoh et al. 2007 ). The transformed jaw-slow fibers in regenerates innervated by the soleus nerve bound MAb 1A10 in the absence of fetal or fast MyHCs, suggesting that MAb 1A10 was binding to the jaw-slow myosin. The transformed jaw-slow fibers also no longer expressed m-Tm, as shown by their failure to bind MAb 1H2. Instead, they bound MAb CH1, which is known to bind limb a-Tm and b-Tm isoforms (Hoh et al. 1989 ), suggesting that one or both of these isoforms have replaced m-Tm. The presence of b-Tm, presumably from jaw-slow fibers, has been identified by SDS-PAGE of myofibrillar proteins from cat masseter muscle that has masticatory and jaw-slow fibers (Kang et al. 2010) . Thus, the present work shows that the transformed slow fibers have unique phenotypic characteristics of normal cat jaw-slow fibers rather than limb slow fibers.
The present findings indicate that motor nerves to limb muscles are competent in regulating muscle fibers of the jaw allotype, the fast and slow nerves channeling these fibers to express the masticatory and jaw-slow fiber phenotypes, respectively. The influence of the soleus nerve started to emerge only after 28 days; this delay may be attributed to the preceding regenerative myogenesis and reinnervation. Although regenerates were likely to have been partially innervated by 28 days, the new neuromuscular junctions may not be able to faithfully transmit the tonic neural signals (see later) needed to transform emerging masticatory fibers into jaw-slow fibers. These two neurally inducible phenotypic options are unique to masticatory muscle allotype. Somehow, the signaling cascades used to specify myogenic cells of masticatory muscle have primed them to respond in these two specific ways to neural signals.
Limb muscle nerves are known to carry a variety of impulse patterns that are thought to regulate different patterns of muscle gene expression (Hennig and Lømo 1985) . Nerves to slow muscle fibers carry tonic, low frequency impulses, with high impulse counts per day, whereas those to fast fibers are characterized by phasic, high frequency impulses, with low-to-moderate impulse counts per day. Stimulating a fast muscle with chronic, low frequency impulses, either by cross-innervating it with the nerve to a slow muscle or directly via an implanted stimulator, causes fast fibers to transform into slow ones (Pette and Vrbova 1985) . It is currently thought that fast-to-slow transformation of limb muscle results from the sustained rise of intracellular Ca 21 activating the Ca-calmodulin-dependent phosphatase, calcineurin. Calcineurin then dephosphorylates the nuclear factor NFAT, which enters the nucleus to induce the expression of slow muscle genes (Chin et al. 1998; McCullagh et al. 2004) . Recent work on limb muscles has shown that the same pathway is involved in the suppression of a fast myofibrillar gene in response to chronic, low-frequency stimulation (Rana et al. 2008) .
We propose that the calcineurin/NFAT signaling pathway is also involved in both the induction of jaw-slow myofibrillar genes and the suppression of m-MyHC, m-Tm, m-MBP-C, and other masticatory-specific myofibrillar proteins mediated by the tonic, low frequency impulses carried by the soleus nerve. However, the observed transient expression of slow MyHC in early masticatory muscle regenerates in both fast and slow muscle beds is most probably due to some other mechanism, as slow MyHC expression during embryonic development has been shown to be independent of calcineurin (Oh et al. 2005) .
It is currently not known how the nerve to fast limb muscle promotes the coexpression of masticatory myofibrillar proteins. The phasic, high frequency impulses they carry may activate a specific gene regulatory pathway that leads to masticatory-specific gene expression. Unlike mechanisms regulating limb muscles, which have to cater for slow and three fast fiber types, each requiring a distinct regulatory pathway (Allen et al. 2001) , the mechanism regulating cat jaw-closing muscle has only two alternative end points: masticatory fibers or jawslow fibers. This allows the formulation of a simple alternative hypothesis for the regulation of masticatory fibers: expression of masticatory myofibrillar genes is the default state during myogenesis; the absence of sustained low-frequency stimulation allows the myogenic factors to sustain the expression of masticatory myofibrillar protein isoforms. The sustained expression of m-MyHC in uninnervated temporalis muscle regenerates (Hoh and Hughes 1991b) supports this hypothesis, as do expressions of masticatory myofibrillar proteins in temporalis satellite cell cultures (Kang et al. 2010 ) and in early temporalis regenerates in the soleus bed before the functional maturity of the soleus nerve.
